The design and function of synthesized macrocyclic carriers for cationic selective membrane sensors are usually based on such diverse parameters as the structure and cavity size of ion carrier, the stability and selectivity of its metal ion complexes, its solubility and its ability to extract the target ion into membrane phase. In recent decades, many intensive studies on the design and synthesis of highly selective ionophores as sensory molecules for ion-selective electrodes have been reported. [1] [2] [3] [4] In spite of successful progress in the design of highly selective ionophores for various metal ions, there are only a limited number of reports on the development of highly selective ionophores for lanthanum. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Macrocyclic complexes of lanthanides [18] [19] [20] have generated a growing interest because of their potential applications in biology, 21 material science and in chemical processes. 22 Owing to the hard character of lanthanide(III) ions, the investigations of their coordination properties has focused on various aza and aza-oxa ligands.
Introduction
The design and function of synthesized macrocyclic carriers for cationic selective membrane sensors are usually based on such diverse parameters as the structure and cavity size of ion carrier, the stability and selectivity of its metal ion complexes, its solubility and its ability to extract the target ion into membrane phase. In recent decades, many intensive studies on the design and synthesis of highly selective ionophores as sensory molecules for ion-selective electrodes have been reported. [1] [2] [3] [4] In spite of successful progress in the design of highly selective ionophores for various metal ions, there are only a limited number of reports on the development of highly selective ionophores for lanthanum. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Macrocyclic complexes of lanthanides [18] [19] [20] have generated a growing interest because of their potential applications in biology, 21 material science and in chemical processes. 22 Owing to the hard character of lanthanide(III) ions, the investigations of their coordination properties has focused on various aza and aza-oxa ligands. 23 Lanthanide(III) chelates find extensive use in NMR biomedical applications, 24 as ion exchanger materials. 25 Studies on these complexes have produced technological development and industrial applications. 26 Lanthanides are widely distributed in low concentration throughout the earth's crust. 27 The vapors or dust of these elements are very toxic when inhaled. They tend to remain in human lungs, liver, spleen and kidneys. 28 We have synthesized new macrocyclic ligands that have been used as neutral carriers in the construction of ISEs for various metal ions. [29] [30] [31] A survey of the literature shows that incorporation of pyridine rings in the macrocyclic framework increases the stereochemical rigidity and binding ability towards the lanthanide(III) cations, a property often associated with an increase in the thermodynamic stability of the complexes. 32, 33 We have therefore synthesized pyridine-based macrocyclic ligand [Bzo2Me2Pyo2(16)-hexaeneN6] that shows high affinity towards lanthanum ions and was used as an ionophore in the construction of La(III) sensor. The results presented in this communication show that the membranes of pyridine-based macrocycles are selective and highly sensitive sensors for La(III) determination.
More sophisticated analytical techniques such as spectrophotometry, 34 ICP-AES, 35 isotope dilution mass spectrometry, 36 neutron activation analysis, 37 and X-ray fluorescence spectrometry 38 have been reported for the determination of lanthanum.
However, they are time consuming, involving multiple sample manipulations, they are too expensive for many analytical laboratories and they require large infrastructure back up. A simple, cheaper and more convenient method with fast response is required for analysis of large number of environmental and other samples. The analysis by ion-selective sensors provides such procedures.
Experimental

Reagents
All the reagents were of analytical grade. Lanthanum(III) nitrate (Merck) was used as lanthanum salt for the studies of membrane sensor. 1-Phenyl-1,3-butanedione was prepared as reported in the literature, 39 while 2,6-diaminopyridine was procured from Sigma-Aldrich. MeOH was refluxed and distilled over lime before use. Reagent grade sodium tetraphenylborate (NaTPB), dibutylbutyl phosphonate (DBBP), dioctylphthalate (DOP), benzyl acetate (BA), o-nitrophenyloctyl ether (o-NPOE), tetrahydrofuran (THF) and high molecular weight PVC were purchased from Merck and used as received. Double distilled water was used for the preparation of metal salt solutions of different concentrations by diluting stock solutions (0.1 M).
Synthesis of macrocycle I
To a solution of 1-phenyl-1,3-butanedione (1.62, 0.01 M) in 15 ml methanol was added a solution of 2,6-diamino pyridine (1.09, 0.01 M) in 15 ml methanol and the resulting solution was refluxed for 4 h. The reaction mixture was cooled to room temperature and washed with methanol. The product was recrystallized from methanol, and dried in vacuo to give the macrocycle as a brown crystalline solid. 
Electrode preparation
Varying amounts of ionophore I (Scheme 1, ∼5.0 -15 mg), an appropriate amount of PVC (∼50 -150 mg), anion excluder NaTPB (∼2.0 -6.0 mg) and solvent mediators o-NPOE, DBBP, BA, DOP (∼150 -300 mg) were dissolved in ∼20 ml THF to get membranes of different composition. The mixture was poured into polyacrylate rings placed on a smooth glass plate. The solvent was allowed to evaporate at room temperature; after 24 h, a homogeneous PVC membrane was obtained.
The membranes so obtained were detached from the glass plate, cut to suitable sizes, and glued to one end of a "Pyrex" glass tube with araldite.
Preparation of sample
An appropriate volume of sodium fluoride mouthwash (viz. 0.5 ml of 0.2%, 1.0 ml of 0.5%, 2 ml of 0.05%) was diluted to 25 ml and the pH was adjusted to 7.0. The resulting solution was then treated against 0.1 M solution of lanthanum(III) nitrate. The mouthwash samples were stored in clean plastic bottles presoaked for 1 day in dil. HCl so as to reduce absorption of fluoride from the dilute fluoride solutions. The storage of samples in containers that readily absorb F -ion to the walls could lead to negative bias in the results.
Equilibration of membranes and potential measurements
The membranes were equilibrated for 3 days in 1.0 M lanthanum(III) nitrate solution. The potentials were measured by varying the concentration of the test solution in the range 1.0 × 10 -7 -1.0 × 10 -1 M. Standard lanthanum(III) nitrate solutions were obtained by gradual dilution of 0.1 M La(NO3)3 solution. The potential measurements were carried out at 25 ± 0.1˚C using saturated calomel electrode (SCE) as reference electrode with the following cell assembly: SCE | sample solution || PVC membrane || 0.1 M La(NO3)3 | SCE.
The response time was defined as the time taken to reach a potential of 90% of the potential difference in the two measurements.
The detection limit was defined as the intersection of the extrapolated linear regions of the calibration graph.
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Results and Discussion
In preliminary experiments, the macrocycle I was used as neutral carrier to prepare several PVC membrane ion-selective electrodes under identical conditions for a variety of metal ions. The potential responses obtained for different ion-selective electrodes are shown in Fig. 1 . As can be seen, the electrode exhibits the best response to the La 3+ ions in comparison to various alkali, alkaline, and rare earth metal ions. For all other ions, the slope of the potential versus log[M n+ ] plot is much lower than the expected Nernstian values of 59.1, 29.5, 19.7 mV/decade for uni-, di-, trivalent cations, respectively. This might be due to the high selectivity of the carrier macrocycle I, for La 3+ ion over other metal ions. Thus, it could be suitably used as ionophore in the construction of a La 3+ -selective electrode.
The composition of the PVC membrane plays a critical role in determination of potential response characteristics and selectivity coefficients of the membrane electrode. It is well known that the sensitivity and the selectivity of ion-selective electrodes are influenced by some important parameters of PVC-based membranes viz. nature and amount of ionophore, the properties of plasticizer, the plasticizer/PVC ratio and especially the nature of the additive used in the construction of the membrane. 41 The various components of the membrane were optimized to give the best performance characteristics by varying the concentration of PVC, ionophore I, solvent mediator and lipophilic additive. The presence of lipophilic anionic species such as tetraphenylborate in cation selective membrane sensors has a proven beneficial effect on various sensor characteristics. 42 It not only reduces the ohmic resistance 43, 44 but also improves the response behavior and selectivity. 45, 46 It prevents the migration of the membrane components to the aqueous phase 47 and catalyzes the exchange kinetics at the sample-membrane interface. 48 The PVC membrane sensor with a composition of 120 mg PVC, 10 mg ionophore I, 5 mg NaTPB and 260 mg of solvent mediator displayed the optimum potential response.
Since the nature of solvent mediator influences the dielectric constant of the membrane phase as well as the mobility of the ionophore molecule and its complexes, it plays a significant role in specifying the selective electrode characteristics. To monitor the effect of solvent mediator on the PVC membrane electrode, we used various plasticizers in the construction of the membrane electrode; the results are shown in Table 1 giving further evidence of the above-mentioned synergism.
The effect of relative amounts of macrocycle I on the response function of membrane was investigated (Fig. 3) . Thus, 10 mg proved to be the optimum amount of ionophore in the construction of a membrane electrode that will have the best performance characteristics. As can be seen from Fig. 3 and Table 2 , further addition of I, however, resulted in some decrease in the response of the electrode, most probably due to some inhomogenities and a possible saturation of the membrane 49 that may also induce strong interactions between polymeric chains and ionophore-preventing mobility of the segments. 50 The selectivity coefficient was evaluated by a fixed interference method 51 and a matched potential method. 52 Table  3 clearly indicates that the electrode is moderately selective to La 3+ over a number of cations (except Ce 3+ ). Although Ce 3+ is likely to cause some interference, the selectivity coefficient value is higher for this ion. Thus, it may not cause any interference at low concentration, as the selectivity is concentration-dependent. To determine the maximum tolerance limits of Ce 3+ in the estimation of lanthanum, some mixed run studies were carried out. 53 It can be seen from Fig. 4 that Ce 3+ at ≤ 1.0 × 10 -5 M does not cause any deviation in the original plot of pure La 3+ solution. Thus, the electrode can tolerate Ce 3+ up to a concentration of ≤ 1.0 × 10 -5 M over the entire working concentration range. If the Ce 3+ concentration exceeds this limit, the sensor can be used to determine La The dependence of each sensor's potential response on the pH has been studied over the range 1.0 -12.0 for 1.0 × 10 -3 M La(III) ion solution (Fig. 5) . The operational range was studied by varying the pH of the test solution with nitric acid or sodium 1342 ANALYTICAL SCIENCES OCTOBER 2006, VOL. 22 hydroxide solutions. Figure 5 shows that the potential is independent of pH in the range 2.5 -10.0. Therefore, the same range was taken as the working pH range of the sensor assembly. Above pH 10.0, the measured potential decreases due to the effect of the hydroxyl ions. The observed drift below pH 2.5 may be due to effect of hydrogen ions. The functioning of the membrane electrode was also investigated in partially non-aqueous media using methanolwater, ethanol-water and acetone-water mixtures (Table 4 ). It is observed that the sensor could tolerate up to 30% (v/v) nonaqueous content; in these mixtures, the working concentration range and slope remains unaltered. However, above 30% nonaqueous content, the slope decreases appreciably and reliable measurements could not be obtained. Also, the membranes decompose due to leaching of the ionophore from PVC matrix.
Potentiometric titration was performed by using the proposed electrode as an indicator electrode for the titration of 25 ml of 1.0 × 10 -4 M La(III) ions against 1.0 × 10 -3 M EDTA at pH 6.8. The pH of the solution was adjusted using diluted NaOH. The titration plot is shown in Fig. 6 . It is of sigmoid shape that is also an indication of the selectivity of electrode. The inflection point of the plot corresponds to 1:1 stoichiometry of lanthanum-EDTA complex.
The electrode was successfully applied to the determination of fluoride ion in mouthwash samples at pH 6.8. The exact amount of fluoride ion was thus evaluated from the sharp inflection point of the resulting titration curve. The results of triplicate measurements are summarized in Table 5 . One can see from the table that there is a satisfactory agreement between the determined value and the labeled fluoride content.
Conclusion
The sensor developed using [Bzo2Me2Pyo2 (16) hexaeneN6] as ionophore in PVC matrix with the composition 10:260:5:120 (w/w) (I:DBBP:NaTPB:PVC) gave the best performance. When, its performance is compared with those of some reported electrodes (Table 6 ), one sees that it is comparable to reported electrodes in many respects and sometimes shows significant superiority. This sensor based on macrocyclic ionophore is an advancement over the reported systems. It can be used for determination of La 3+ ions by direct potentiometry and in potentiometric titration. 
